Abstract-This paper presents a capacitive Micro ElectroMechanical System (MEMS) force sensor coupled with a properly-designed interface circuit based on Direct Digital Synthesizer (DDS) that allows tunable sensitivity exploiting an electrical servo-assisted position-feedback mechanism. The position of the probe tip is kept fixed exploiting a feedback loop that includes a variable-gap capacitive position sensor and a pair of variable-area electrostatic actuators. Signals provided by the DDS are used to excite and read the capacitive position sensor and to perform a synchronous demodulation used for the position control and the electrostatic compensation of the external applied force F ext . By adjusting specific loop parameters, the force sensitivity and the tip working point can be finely tuned electrically. Experimental results show that the proposed system is able to measure the applied force in nanonewton range, making the system promising for measuring forces generated by living biological cells.
INTRODUCTION
The use of Micro Electro-Mechanical Systems (MEMS) as force sensors is very promising especially for probing microbiological samples in in-vitro mechanobiology experiments [1] [2] [3] [4] [5] . Forces generated by living cells are indicators of their state of evolution, and can be critical regulators of cell adhesion processes [6, 7] . In order to measure these forces, MEMS force sensors have been proposed employing different sensing methods, such as pillars and optical trap [8] . Depending on the typology of cells under test, different magnitudes of forces are produced, ranging from few piconewtons up to several micronewtons [6] . This typically requires a force sensor able to adapt the measurement range and the sensitivity.
In this context, this work presents a MEMS force sensor with measurament range and sensitivity electrically tunable which exploits a properly-designed interface circuit based on a Direct Digital Synthesizer (DDS) and syncronous demodulation without the requirement of expensive external instrumentation. The device description and the operating principle are illustrated in Section II, experimental results are given in Section III, and the conclusions in Section IV.
II. SERVO-ASSISTED POSITION-FEEDBACK FORCE SENSOR
The proposed MEMS force sensor exploits an electrical servo-assisted mechanism with position-feedback [9] to keep the mechanical structure in a fixed position x 0 thus allowing to measure an applied external force F ext offering a virtually infinite mechanical impedance. The block diagram of the system is shown in Fig. 1 , while images of the MEMS force sensor are shown in Fig. 2 . The input voltage V pos 0 sets the position x 0 that represents the working point of the probe tip, while the input voltage V range sets the range and sensitivity of force measurement. The static equilibrium of all forces acting on the shuttle R integral with the tip, without an applied external force F ext , leads to:
where F D2 =α D2 V D2 2 and F D4 =α D4 V D4 2 represent the electrostatic forces generated by the variable-area driving actuators D2 and D4, while α D2 and α D4 represent the electro-mechanical transduction factors of the two actuators D2 and D4, respectively [1] . The contribution F k =k m x represents the elastic force of the suspending springs, while F sens is the electrostatic force generated by the voltage v sens required to measure the variable-gap comb sensing capacitance C SR employing the DDS-based interface circuit and a syncronous demodulation.
The excitation sinusoidal signal v sens (t) is generated exploiting a four-digital-channel frequency synthesizer (Analog Devices AD9959), as shown in Fig. 1 . The peak amplitude of the excitation signal (CH0) is set to 0.2V peak , in order to prevent pull-in, while the frequency f sens is set to 100kHz far from the resonant mechanical frequency at around 2kHz. The current I R is converted to the voltage V T by the transimpedance amplifier TIA (OPA656) with a feedback resistance R f = 100kΩ. The voltage V T is then demodulated by the analog multiplier (AD835) using a second output of the DDS (CH1) as reference signal. The phase of the reference signal is nominally set to -90 deg, yet it can be finely adjusted in order to compensate the phase shift introduced by the capacitance C SR and the transimpedance amplifier. The multiplier output signal includes the DC component V pos and a component at 2f sens . The integrator (AD817) acts as a low-pass filter with a pole at zero frequency to cancel the component at 2f sens and to provide an infinite DC gain. The values of R i = 100Ω and C i = 470nF are chosen to guarantee an appropriate loop gain and the stability of feedback loop. The DC component V pos results in:
where k = 1V is the multiplier gain factor.
The signal V pos , proportional to the sensing capacitance C SR and related to the position x, is compared to the external fixed voltage V pos 0 . The integrator output, thanks to the feedback loop, modulates the voltage V D4 in order to keep the working point position x 0 fixed.
The operation of the interface circuit is based on two different phases, the zero-calibration phase and the operating phase. During both phases, the position feedback loop is kept active over the driver D4. The initial zero-calibration procedure is used to null the output voltage V out at the required working point x 0 , adjusting the voltage V D2 , which results:
This allows to set the required working point x 0 and the measurement range by adjusting the voltages V pos 0 and V range , respectively, by keeping all the forces balanced. Once the zerocalibration procedure has ended, the position-feedback loop keeps the probe tip fixed at the working position x 0 regardless of the applied force F ext , producing an equivalent infinite mechanical impedance, i.e. unlimited stiffness.
Considering the equilibrium of all forces acting on the device, including the external force, it will result in:
Linearizing around the working point # , it follows that:
where
is the force sensitivity of the system. Considering a non-linearity error of 1% of the span, the corresponding measurement range results:
In such a range the output voltage is linearly related to the applied force within 1%, while the measurement range and sensitivity depend only on the voltage V range . Fig. 3 shows a picture of the DDS-based servo-assisted position-feedback interface circuit with an enlarged view of the MEMS force sensor under test. To validate the proposed system, the MEMS force sensor has been tested exploiting the electrostatic force F D1 to simulate the variable external force F ext acting directly on the probe tip. The variable force
III. EXPERIMENTAL RESULTS
2 is obtained by adjusting the voltage V D1 applied to the electrostatic actuator D1 shown in Fig. 2 over a range of  200nN with a step size of 5nN . 
IV. CONCLUSIONS
A MEMS force sensor that allows to measure an external force applied to a probe tip with tunable sensitivity exploiting an electrical servo-assisted mechanism based on position feedback has been presented. The DDS-based interface circuit keeps the position of the probe tip fixed by driving a pair of variable-area electrostatic actuators in a feedback loop controlled by a variable-gap capacitive sensor offering a virtually infinite mechanical impedance. By adjusting specific loop parameters, the force sensitivity S and the working position x 0 can be finely tuned electrically. Thanks to the use of DDS and the syncronous demodulation, the system performs the force measurement without requiring expensive instrumentation. The experimental results shows that the proposed system has the capability of measuring forces in nanonewton range with sensitivity up to 6V/µN (V range = 8V) with high flexibility in setting the tip working point, thereby making the system suitable for biological force probing. 
